ABSTRACT
Human herpesvirus 8 [HHV-8 or Kaposi's sarcoma (KS)-associated herpesvirus] is causally linked to KS, multicentric
Castleman's disease (MCD), and primary effusion lymphoma (PEL) (1, 2) . PCR analysis shows that HHV-8 is present in all epidemiologic types of KS (i.e., AIDS-associated KS, classic KS, endemic KS, and posttransplant KS) (1, 2) . By various in situ hybridization techniques (including PCR in situ and RNA in situ hybridization), HHV-8 DNA is present in most of the tumor cells, so-called spindle cells, in KS lesions (3) (4) (5) (6) (7) (8) . In situ hybridization and in situ lysis Gardella gels indicate that most cells in KS are latently infected (6, 9) , although lytic infection is clearly also present in a small proportion of cells, as demonstrated by in situ hybridization (6, 10) , immunohistochemistry (11) , and electron microscopy (12) . The cell type(s) and percentage of cells infected in early lesions (i.e., patch and plaque) have not been studied systematically.
Besides KS, HHV-8 is also causally linked to MCD and the rare PEL (13, 14) . HHV-8 is present in 100% of HIV-positive MCD cases and nearly 50% of HIV-negative cases (13, (15) (16) (17) . The cell type(s) in MCD infected by HHV-8 is unclear (16, 17) . PEL is a rare effusion-based lymphoma (18) , although limited solid-tumor formation has been demonstrated (19) (20) (21) . HIV-positive PEL cases appear to harbor HHV-8 and Epstein-Barr virus (EBV), whereas HIV-negative cases harbor only HHV-8 (14, (22) (23) (24) . Both types lack c-myc rearrangements, and cell lines from both types have been established (25) (26) (27) (28) . In PEL cells from effusions and in cell lines established from them, HHV-8 episomes in the presence or absence of viral particles are present in every cell (25) (26) (27) (28) (29) .
The role of HHV-8, if any, in the pathogenesis of other tumors, including multiple myeloma and prostate cancer remains controversial (6, (30) (31) (32) (33) . We generated mAbs against one of the latent nuclear antigens (LNAs) of HHV-8 encoded by viral ORF73 (34) . ORF73 encodes the major immunogenic LNA identified as a nuclear stippling pattern in PEL cells when exposed to sera of patients with KS (35) (36) (37) . ORF73 encodes a 1,162 amino acid protein with a 337 amino acid N-terminal domain, a hydrophilic 585 amino acid central domain consisting of multiple repeat elements, and a 240 amino acid C-terminal domain. ORF73 has no sequence similarity to any of the EBV LNAs. One of the antibodies, LN53, recognizes an EQEQE repeat epitope in ORF73 and reacts with antigens in paraffin-embedded tissue (34) . We use this antibody here to study the distribution of the cell types infected latently by HHV-8 in patch, plaque, and nodular KS, MCD, in a lymph node of a patient with PEL, and in other tumors where HHV-8 might play a role.
METHODS
We studied HHV-8 ORF73 expression in 14 cutaneous paraffinembedded biopsies of KS (11 early, i.e., patch or plaque lesions and three nodular lesions) from four patients with AIDSassociated KS and three patients with classic KS; one lymph node biopsy affected by KS in a patient with AIDS-associated KS; four lymph nodes and four spleen samples from five HIV-infected patients with MCD, and one lymph node from an HIV-negative patient with an anaplastic large cell CD30-positive lymphoma. These biopsies were all positive for HHV-8 DNA by PCR (data not shown). We also studied paraffin-embedded biopsies from five prostate carcinoma, five hemangiosarcoma, one lymph node from an HIV-negative patient with MCD, and 10 bone marrow samples with multiple myeloma. These cases did not contain HHV-8 DNA by nested PCR using primers derived from the conserved HHV-8 major capsid protein gene, ORF25 (38) (not shown).
Glutathione S-transferase and polyhistidine fusion proteins from the C terminus of ORF73 were used to immunize rats. Four mAbs (named LN20, LN53, LN69, and LN72) were generated and characterized by Western blot, immunoprecipitation, immunofluorescence assays, and FACS analysis (34) . Among the four mAbs, LN53 was the most reactive and robust for LNA-1 antigen in sections from paraffin-embedded biopsies and works well for immunohistochemistry (34) .
Paraffin-embedded sections (3-to 5-m) were cut onto sialincoated slides. Sections were deparaffinized with xylene and 100% ethanol and microwaved in 10 mmol͞L citrate buffer, pH 6.0, at 780 W for 6 min (39). After treatment with 20% acetic acid, sections were incubated with LN53 (dilution 1 in 500 in PBS) for 1 hr at 22°C. Slides were then washed twice with 0.1% Tween in PBS. Incubation of the primary antibody was followed by a streptavidin-biotin complex alkaline phosphatase system (Vector Laboratories) and the sections were counterstained with hematoxylin.
Endothelial cells were stained with mAbs to CD31 (Dako), CD34 (NovoCastra, Newcastle, U.K.) or factor VIII (Immunostain EuroDPC, Llanberis U.K.). Lymphatic endothelium was stained with mAb 9D9, which stains the vascular endothelial growth factor receptor-3 (VEGFR-3) and is specific for lymphatic or proliferating endothelial cells (40) . Lymphocyte subpopulations, follicular dendritic cells, and monocytes-macrophages were stained with mAbs to CD3 (Dako), CD45RO (Dako), CD20 (Dako), CD21 (NovoCastra), CD23 (NovoCastra), CD25 (Dako), CD43 (NovoCastra), CD10 (NovoCastra), CD38 (Serotec), CD5 (NovoCastra), CD40 (Harlan Laboratories, Haslett, MI), CD79a-cy (Dako) and CD68 (Dako), CD30 (NovoCastra) and epithelial membrane antigen (Dako). These antibodies and LN53 were stained on adjacent sections. For costaining experiments, LN53 was revealed with fast blue chromogen (Vector Laboratories) and the second primary antibody (CD23, CD25, CD43, CD10, CD38, CD5, CD79a-cy, CD30, VEGFR-3͞9D9) was revealed with red chromogen (Vector Laboratories).
The expression of the EBV latent membrane protein-1 was tested on samples from patients with MCD by using a mAb from Dako. Detection of EBER 1,2 mRNAs and BHLF1 mRNAs was performed by using FITC-labeled specific oligonucleotides. The hybridization product was detected with a mouse anti-FITC mAb (Dako). As a third layer, the APAAP complex (Dako) was used with 5-bromo-4-chloro-3-indolyl phosphate nitroblue tetrazolium as a chromogen and nuclear fast red as counterstaining (41) .
RESULTS

KS.
We show HHV-8 LNA-1 antigen in all stages of KS (Table  1 ). In patch-stage lesions, signals are found in spindle-like cells surrounding small ectatic vessels (Fig. 1B) . LNA-1 is present in Ͻ10% of the cells surrounding vascular spaces (Fig. 1B) . Highmagnification microscopy (ϫ160) confirms that HHV-8 is present in fusiform-shaped cells forming the walls of slit-like and angulated vessels in patch stage KS ( Fig. 1 D and E) . In plaque lesions, LNA-1 is present in spindle-like cells forming the walls of ectatic vessels (not shown) and in infiltrating spindle cells ( Fig.  2A) . In some of the plaque lesions up to 50% of spindle cells were positive ( Fig. 2 A) . In nodular KS lesions, HHV-8 is latently present in the vast majority (Ͼ90%) of spindle cells ( Fig. 2 B and C) and no signals are seen in surrounding normal dermis or overlaying epidermis (not shown). In nodular KS, LNA-1 is also found in endothelial cells surrounding angulated vessels ( We therefore studied the distribution of lymphatic endothelium in KS lesions and compared this distribution with that of HHV-8. A mAb (9D9) against VEGFR-3 was used (40) . In patch and plaque KS, VEGFR-3 was expressed in all fusiform cells surrounding ectatic vessels (Fig. 1C) . A smaller number of these cells expressed LNA-1 antigen (Fig. 1B) . In nodular KS lesions, VEGFR-3 antibody does not stain well formed vascular endothelium (Fig. 3A) , similar to that observed for LNA-1 (Figs. 2 B and C and 3B). In nodular KS, more than 90% of spindle cells stain for VEGFR-3 (Fig. 3A) . Costaining experiments confirm that LNA-1 and VEGFR-3 colocalize in nodular KS (Fig. 3C) .
MCD. By using the LN53 antibody, the HHV-8-positive cells localized in the mantle zone of the follicles (Fig. 4B ). Ten to 30% of the cells in the mantle zone were positive with the characteristic stippling patterns associated with LNA-1 ( Fig. 5 A and B) (34) . HHV-8-positive cells are larger than surrounding CD79a-cy positive lymphocytes and have large central or marginal nuclei with one or two nucleoli. Morphologically, these cells resemble immunoblasts. The results of staining of adjacent sections and of costaining experiments are summarized in Table 2 . These cells do not stain with common T-cell markers but stain with the B-cell marker CD20 (Fig. 5C ). They do not stain with plasma cell or immunoblast markers such as CD79a-cy (which stains B cells) ( Fig. 4D ) and CD38 (not shown). We did not observe any staining for LNA-1 in follicular dendritic cells using either CD21 and CD23 (Fig. 4C) . Immunocytochemistry failed to detect EBV latent membrane protein expression in any of the cases. With in situ hybridization for EBER, only rare small lymphocytes were positive in one lymph node and one spleen sample from two different patients with MCD. PEL. A 68-yr-old HIV-negative Israeli patient presented with a pleural effusion. Diagnostic tap revealed a CD30-positive anaplastic large cell lymphoma. We stained a lymph node biopsy from this patient and showed that the lymphoma cells were positive for CD30 (Fig. 6B ) and for epithelial membrane antigen (not shown). The neoplastic cells are positive for LNA-1 (Fig.  6C ). Viral antigen and CD30 colocalized to the same cells (Fig.  6D) .
Others. By using LN53, we did not observe any staining in tumors that were negative by PCR for HHV-8: ten multiple myeloma bone marrow biopsies, the lymph node of the HIV- KS is a vascular tumor with a complex histology and an uncertain histogenesis (2, 42, 43) . Most of the spindle cells in KS lesions express endothelial markers, including CD31 and CD34 (44, 45) . However, it was also shown that KS spindle cells express markers for smooth muscle cells (46) , macrophages, and dendritic cells (47, 48) , suggesting that spindle cells are either derived from pluripotent mesenchymal precursors or represent a heterogeneous population of cells. Importantly, KS spindle cells do not stain with PAL-E, a marker expressed on vascular endothelium but not on lymphatic endothelium (49) .
HHV-8 is present in all the different epidemiologic types of nodular KS (2); however, the universal presence of HHV-8 in early KS has not yet been shown (50) . It has been argued that HHV-8 could be reactivated in early KS lesions by an inflammatory cytokine presence (43, 51) , or that HHV-8 is brought into early lesions by infiltrating macrophages (10, 52) . By PCR in situ hybridization (3, 5) and in situ hybridization (4, 7, 8) , HHV-8 DNA or RNA has been localized to spindle, endothelial, and (31-33, 38, 53, 54) .
Using an antibody against a LNA of HHV-8 (34), we show latent HHV-8 infection in patch, plaque, and nodular KS. In all three stages, staining is seen in fusiform-or spindle-shaped cells forming the walls of ectatic vessels (Fig. 1B, Fig. 2 A-C) . In plaque and nodular KS, most spindle cells between these vessels are also positive (Fig. 2 A-C) . However, very notably, mature endothelial cells surrounding normal vascular blood vessels are negative in all cases studied (Fig. 2 B and C and Fig. 3B ). This staining for HHV-8 is reminiscent of that for VEGFR-3: a marker of lymphatic vessels (40, (55) (56) (57) . VEGFR-3 is the receptor for VEGF-C (55). During early embryogenesis, VEGFR-3 mRNA is detected in most endothelial cells, but later it becomes restricted to lymphatic endothelium of adult tissues. VEGF-C stimulates the proliferation of lymphatic endothelium, and VEGF-C transgenic mice exhibit lymphatic endothelium proliferation (56) . VEGFR-3 expression in human skin correlates with the known distribution of the lymphatic vasculature (57) . Like HHV-8, VEGFR-3 stains KS spindle cells but not normal vascular endothelium (Fig. 3A ) (40, 57) . We therefore tested the expression of VEGFR-3 in adjacent HHV-8 LNA-1-stained early and nodular KS. VEGFR-3 is highly expressed in patch and plaque KS, whereas fewer cells, but with a similar distribution and morphology, stain for HHV-8 ( Fig. 1 B and C) . In nodular KS, the same cells costain for VEGFR-3 and HHV-8 (Fig. 3C) .
The extensive expression of VEGFR-3 in early KS suggests that KS is either a proliferation of lymphatic endothelium or of immature endothelial cells (precursors). The similar distribution of VEGFR-3 and HHV-8 in early and late KS lesions implies that HHV-8 either infects lymphatic endothelium and that spindle cells are derived from lymphatic endothelium or that HHV-8 infection induces expression of this lymphatic marker in spindle cells. However, VEGFR-3 is expressed in many more cells than HHV-8 in early KS ( Fig. 1 B and C) suggesting that HHV-8 does not induce the expression of VEGFR-3 directly and that HHV-8 does not directly promote the proliferation of VEGFR-3 positive cells in very early KS.
Other observations also support the hypothesis that KS is a proliferation of lymphatic or precursor endothelium: (i) our failure to demonstrate HHV-8 in normal vascular endothelium; (ii) the observation that KS does not occur in organs that lack a lymphatic system (i.e., brain and eye) (58, 59) ; (iii) the fact that spindle cells do not stain with PAL-E (49, 60); (iv) the association of primary HHV-8 infection with lymph nodal KS in HIVinfected patients (61) and possibly in African children (2) .
In early lesions, only a small proportion (Ͻ10%) of spindle-or fusiform-shaped cells are positive for HHV-8 (Fig. 1B) . In nodular lesions, most (Ͼ90%) spindle cells express LNA-1 ( Fig.  2 B and C) . These data indicate that early KS is not a monoclonal expansion of HHV-8 infected cells and are consistent with studies showing that nodular KS can be oligo-or polyclonal (62, 63) and may not necessarily be monoclonal (64, 65) . However, the fact that most spindle cells in nodular KS are positive for HHV-8 suggests that HHV-8 latent proteins provide a growth advantage to infected cells.
LNA-1 and VEGFR-3 appear to be robust markers for the immunohistological diagnosis of early KS. LNA-1 positive cells in all stages of KS show the typical nuclear stippling pattern also described in latently infected PEL cells exposed to sera of KS patients (26, 66) . The stippling pattern is also seen in HHV-8-positive cells in MCD (Fig. 5 A and B) , indicating that LNA-1 associates with the same nuclear structures in all three cell types.
MCD is a lymphoproliferative disorder that has been reported in close association with KS in both HIV-seropositive and -seronegative patients (67, 68) Exacerbations of symptoms related to MCD correlate with an increased HHV-8 viral load in peripheral blood mononuclear cells, supporting a role for HHV-8 in MCD pathogenesis (69) . IL-6 enhances B-cell survival and proliferation, and IL-6 overexpression has been implicated in the pathogenesis of MCD (70, 71) . HHV-8 encodes an IL-6 homolog (vIL-6) (11, 72, 73) . By using a polyclonal antibody against vIL-6, it was shown that vIL-6 is indeed expressed in a few cells (2-13%) surrounding the germinal centers of the follicles in Castleman's disease (17) . Although we here show a similar distribution of HHV-8-infected cells, we found more cells (10-30%) positive for LNA-1 than shown for vIL-6 (17). This could either be because our MCD cases are from HIV-positive patients or because vIL-6 is not expressed in all latently infected cells, unlike LNA-1 (11, (72) (73) (74) .
The cells harboring HHV-8 in MCD are larger than the surrounding lymphocytes (Fig. 5 A-C) and have prominent central or marginal nuclei. Morphologically they resemble immunoblastic cells (Fig. 5 A-C) (17) . These HHV-8-positive cells do not stain for T-cell (i.e., CD 3, CD45RO) or dendritic cell markers (CD21, CD23), but stain with the B-lymphocyte marker CD20 (Fig. 5C) (Table 2 ). However, the cells lack expression of B-activation markers such as CD23, CD38, and CD30. In none of the MCD cases tested here did we demonstrate EBV infection by immunohistochemistry or by in situ hybridization in any significant number of cells, supporting the lack of a pathogenic link between EBV and MCD (68, 75) . HHV-8-positive MCD cases appear to have a poorer prognosis than HHV-8-negative cases (16, 17) . Indeed, all cases described here died within a median of 10 mo after the diagnosis of MCD. It remains to be seen whether HHV-8-induced proliferation of infected lymphocytes leads to the outgrowth of monoclonal aggressive MCD or associated lymphoma (67, 68, 76, 77) .
Although VEGFR-3 is expressed by lymphatic cells in lymph nodes affected by MCD, these cells do not stain for LNA-1. HHV-8 is present only in hematopoietic cells in MCD, compared with the viral presence in mesenchymal cells in KS.
PEL is a rare lymphoma that is characterized by effusions in body cavities, the lack of B-or T-lymphocyte antigens, and the absence of c-myc rearrangements (22) . HHV-8 has been detected in all PEL cases, in association or not with EBV. The patient described here was diagnosed with an anaplastic large cell lymphoma after lymph node biopsy. However, in retrospect, the predominant effusion phenotype of his lymphoma, the lack of common B-or T-cell markers, and the expression of epithelial membrane antigen, CD30, and HHV-8 by the tumor cells indicate that he indeed had PEL. HHV-8, but not EBV, is present in the tumor cells correlating with other HIV-negative cases of PEL. Lymph nodal and noneffusion involvement in PEL have previously been described (20, 21) .
We did not observe any staining for HHV-8 LNA-1 in bone marrow biopsies from patients with multiple myeloma. This is in accordance with other studies that could not confirm any association between HHV-8 and multiple myeloma using immunologic and molecular techniques (31-33, 53, 54) .
In conclusion, using a mAb against a LNA of HHV-8, we show HHV-8 latently infected cells in three distinct cell types in the three major neoplasms associated with this virus. Both KS and MCD are complex lesions and HHV-8 links reactive inflammatory processes with neoplastic formation in both diseases. In PEL HHV-8 is present in every cell (Fig. 6 C and D) , and this is clearly a monoclonal tumor of CD30-positive plasmacytoid cells (22) . LNA-1 is strongly expressed in large immunoblastic cells belonging to the B-cell lineage in MCD. In KS, the presence of HHV-8-infected cells in early lesions supports a role for this virus in the etiopathogenesis of KS. Spindle cells belong to the endothelium lineage that expresses VEGFR-3, i. e., precursor endothelium (including neoangiogenic endothelium) and lymphatic endothelium. Here we have shown that HHV-8 infects these cells. The fact that VEGFR-3 is expressed by more cells in early KS 
